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Abstract 
New buildings as well as refurbished old buildings have to meet more and more tightened requirements on energy efficiency. 
Since the overall heat transfer coefficient represents the most important criterion in assessing thermal performance of the 
envelope, lightweight constructions with low thermal conductivity are favored. Undesired phenomena like overheating in 
summer are tackled by phase change materials (PCM) applied at different locations in the building envelope. This work addresses 
monolithic brick masonry with different PCM placed near outer surface to take advantage of solar loads. Thermal performance is 
analyzed and compared to a monolithic masonry and an external thermal insulation system featuring the same U-value by means 
of numerical simulation under a realistic outer climate. A positive impact has been found on the heat flux at inner surface and the 
temperature profile along the cross section, while the heat balance of a whole year shows no improvement. Temperature swing on 
outer surface is reduced and heat flux on inner surface is smoothened during certain periods. 
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1. Introduction  
Energy saving in buildings has become a focal point of interest. Thermal performance of buildings is mainly 
assessed through thermal conductivity of the building envelope. Thus, modern lightweight constructions and 
insulation with low thermal conductivity are more and more favored. However, these buildings tend to overheat in 
warm climate and summer [1].  
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On the contrary, traditional massive walls are known to avoid this effect. Even in winter highly insulated walls 
generate higher heating loads than monolithic brick walls of lower U-value [2]. Insertion of phase change materials 
is one approach to encounter these problems. One of the main aspects in the studies made so far is to reduce indoor 
temperature swing. Since heat flux from the wall to the interior causes undesired overheating, most work is targeted 
on indoor application of phase change materials. Thereby, the implementation sticks to common construction 
components, for example plaster [3], wallboards [4] or ceiling panels [5]. Besides, walls taken as a whole are 
investigated, for instance concrete walls [6, 7], brick walls [8, 9] and sandwich constructions [10]. Although 
correlations for optimal phase change temperature and thickness are available, they apply to specific constructions 
and boundary conditions [11, 12]. 
However, heat losses or gains of buildings are attributed to the temperature gradient between inner and outer 
surface. Daily air temperature variations are more significant on the outside than on the inside. Furthermore, solar 
irradiance plays an important role in heat balance on outer surface. Due to this, the authors favor the application of 
PCM close to the outer surface, because their potential can only be exploited with satisfactory temperature swing 
and heat transfer. Taking into account the seasonal fluctuation of temperature, low and high phase transition 
temperatures are tested. Concerning constructive matters, monolithic brick masonry is compared to an insulation 
composite system. Moreover, a realistic outer climate is applied. 
 
Nomenclature 
a solar absorption coefficient of outer surface [-]  
c  specific heat capacity [J/(kgK)] 
γ liquid fraction [-] 
k thermal conductivity [W/(mK)] 
L heat of fusion [J/kg] 
ϕ volume fraction [-] 
ρ density [kg/m³] 
t time [s] 
T temperature [K] 
U wall overall heat transfer coefficient [W/(m²K)] 
w mass fraction [-] 
 
Subscripts 
B brick 
PCM phase change material 
2. Methodology 
2.1. Software and boundary conditions 
Building simulation serves different purposes, e.g. identification of thermal bridges, computation of thermal 
performance of whole buildings or calculation of solar heat gains. Software coping with these tasks has to provide 
adequate models for each problem. In this work simulations are carried out with WUFI Pro 5.2 developed by 
Fraunhofer Institute of Building Physics. It is designed for hygrothermal simulation of single walls treating heat and 
mass transfer one-dimensionally. Outdoor and indoor climate determine the boundary conditions on both sides of 
the wall. On the outer surface both radiative and convective heat transfer are taken into account. For outer climate 
data records for the city of Potsdam have been chosen as a reference. Calculations on buildings often refer to this 
site due to the fact that its climate is representative for Germany. The meteorological data set itself is calculated with 
the software Meteonorm 7.0, which generates a typical year divided into hourly values by means of a stochastic 
model relying on data measured over several years. Fig. 1 (a) shows the temperature of ambient air for this site. 
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Global irradiance on a horizontal surface adds up to 1046 kWh/m² per year. The annual average is 119.5 W/m². 
Irradiance typical for a vertical south facing wall distinguishes from irradiance on a horizontal plane. Fig. 1 (b) 
points out that maxima of the daily exposure are reached around the equinoxes in spring and fall. 
 
Fig. 1. (a) Hourly temperature for Potsdam in the yearly course; (b) Global daily exposure for a south facing vertical wall at Potsdam. 
On the inner surface, only convective heat transfer occurs. As boundary condition the air temperature is fixed to a 
value of 20°C. Furthermore, there is no room attached at the indoor surface, including thermal inertia and HVAC. 
Therefore, we focus on temperature within the cross section of the wall and heat flux through the inner surface in 
order to assess the thermal performance of the walls. 
2.2. Wall types 
Dealing with types of dwelling walls, the criteria of energy efficiency induce typical cross sections of the wall. 
Irrespective of the materials used, walls have to meet the criteria either when the building is erected or refurbished. 
Concerning brick masonry there exist several typical cross sections. Old buildings which are often refurbished 
consist of bricks with high thermal conductivity. Thus, thick external thermal insulation composite systems (ETICS) 
with low thermal conductivity are applied. New buildings containing bricks with substantially lower thermal 
conductivity induce massive monolithic walls or ETICS based on lean bricks. 
In this paper the authors compare four different walls as shown in Fig. 2. Wall 1 presents an old refurbished 
building with ETICS whereas wall 2 illustrates monolithic brick masonry. Both walls have the same U-value to 
provide comparability. Walls 3 and 4 depict functionalized types derived from wall 2. Layers with 3 cm respectively 
5 cm thickness situated between outer plaster and pure brick are supposed to mount 30 % vol. of PCM. Their U-
value is expected to differ from the first two walls because of the PCM. Anyway, total thickness remains unchanged. 
Table 1 specifies thermal properties of the building materials used in the simulations. Brick 1 has a considerably 
higher density and thermal conductivity than brick 2 while heat capacities are comparable. Although being typical 
for modern constructions, the lightweight plaster and silicon resin paint are used for all walls in order to limit the 
number of changing parameters. 
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Fig. 2. Cross sections of the walls simulated denoting layer thickness and materials. 
Table 1. Properties of building materials. 
Property U (kg/m³) k (W/(mK)) c (J/(kgK)) 
Brick 1 1611 0.302 953 
Brick 2 700 0.1 850 
Expanded Polystyrene (EPS) 15 0.04 1500 
Mineral Lime Cement Lightweight Plaster 
(exterior plaster) 
1024 0.179 850 
Gypsum Plaster (interior plaster) 850 0.2 850 
Silicon Resin Paint (exterior paint) 1100 0.035 850 
2.3. Integration of PCM and thermal properties 
Due to the melting and solidification process of the PCM under given operating conditions, encapsulation is 
necessary to prevent them from leaking. Several shapes like flat panels, spheres on micro scale as well as on macro 
scale are conceivable. However, the type of PCM determines its applicability. Related to the scope of this article, the 
PCM type stipulated for future experimental work will be chosen according to the results of the simulations. So, the 
pattern of PCM within the bricks hasn’t been defined yet. As a first approach, bricks and PCM are assumed to form 
a homogenous mixture. 
Wall layers in WUFI appear as a solid homogenous phase which is represented in thermal matters by density ρ, 
thermal conductivity k and heat capacity c. In this case energy conservation can be written as: 
( cT) (k T)
t
w U   w          (1) 
If phase change materials are inserted, the enthalpy of the layer as a function of temperature has to be used 
instead of heat capacity. 
( h) (k T)
t
w U   w           (2) 
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 The specific enthalpy of the brick-PCM composite layer is modeled by means of the enthalpy method [13] 
assuming that heat capacity and density of all components remain constant for the whole temperature range: 
B B PCM PCM B B PCM PCMh w h w h w c T w (c T L)     J      (3) 
There exist several models for the enthalpy function during the phase change. Dealing with different types of 
PCM we apply a simple, representative linear slope of enthalpy within a range of 2 K symmetric to the designated 
phase transition temperature. Furthermore, thermal conductivity is averaged according to the volume fraction of the 
brick and the PCM: 
eff B B PCM PCMk k k I I          (4) 
Since this work depicts a first approach to assess the performance of the introduced walls, a wide spectrum of 
PCM is selected, covering the ranges of thermal conductivity, melting temperature and heat of fusion as shown in 
Table 2. Properties are provided by the manufacturer PCM Products Ltd. In particular, the original thermal 
conductivity of A4 was increased tenfold covering an additional aspect. In pertinent work, the enhancement of 
thermal conductivity of PCM, for example by adding particles aims at improving thermal response [14]. 
Table 2. Properties of PCM 
Abbreviation Type Phase 
transition 
temperature 
(°C) 
Heat of 
Fusion 
(kJ/kg) 
Density 
(kg/m³) 
Thermal 
conductivity 
(W/(mK)) 
Heat 
capacity 
(kJ/(kgK)) 
A4 Organic 4 200 766 2.1 2.18 
S7 Salt hydrate 7 150 1700 0.4 1.85 
S21 Salt hydrate 22 170 1530 0.54 2.2 
A22H Organic 22 216 820 0.18 2.85 
 
Finally, Table 3 specifies the walls with PCM and two different absorption coefficients. The first column 
introduces batch names containing all relevant information on parameters. The first two characters denote the brick 
type. The following characters indicate if PCM is incorporated, specifying the type by 'S' for salt hydrate and 'O' for 
Organic and the PCM name using the abbreviations in Table 2. The proximate term reflects the thickness of the 
PCM layer. Furthermore, the value following 'a' is the absorption coefficient. Thermal insulation is indicated by 
'EPS'. The final characters behind the slash label each case with a unique number. Even though the PCM composite 
layers contain only 30% PCM and represent less than 9% of the total thickness in any case, the higher thermal 
conductivity leads to a perceptible increase of the U-value, in the worst case 109-8 of about 7%.   
Table 3. Walls with parameters varied through simulations. 
Case Brick PCM type PCM name  PCM 
thickness 
(m) 
Absorption 
coefficient 
(-) 
Insulation U-value 
(W/(m²K)) 
B2-PCM-S-S7-d3cm-a0.15/93-8 2 Salt hydrate S7 0.03 m 0.15 None 0.262 
B2-PCM-S-S21-d3cm-a0.15/93-9 2 Salt hydrate S21 0.03 m 0.15 None 0.264 
B2-PCM-O-A4-d3cm-a0.15/109-8 2 Organic A4 0.03 m 0.15 None 0.271 
B2-PCM-O-A22H-d3cm-a0.15/109-9 2 Organic A22H 0.03 m 0.15 None 0.257 
B1-a0.15-EPS/93-109-13 1 None - - 0.15 EPS 0.253 
B2-a0.15/93-109-16 2 None - - 0.15 None 0.253 
B2-PCM-S-S7-d3cm-a0.4/133-8 2 Salt hydrate S7 0.03 m 0.4 None 0.262 
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B2-PCM-S-S21-d3cm-a0.4/133-9 2 Salt hydrate S21 0.03 m 0.4 None 0.264 
B2-PCM-O-A4-d3cm-a0.4/117-8 2 Organic A4 0.03 m 0.4 None 0.271 
B2-PCM-O-A22H-d3cm-a0.4/117-9 2 Organic A22H 0.03 m 0.4 None 0.257 
B2-PCM-S-S7-d5cm-a0.4/129-8 2 Salt hydrate S7 0.05 m 0.4 None 0.269 
B2-PCM-S-S21-d5cm-a0.4/129-9 2 Salt hydrate S21 0.05 m 0.4 None 0.272 
B2-PCM-P-A4-d5cm-a0.4/127-8 2 Organic A4 0.05 m 0.4 None 0.283 
B2-PCM-P-A22H-d5cm-a0.4/127-9 2 Organic A22H 0.05 m 0.4 None 0.259 
B1-a0.4-EPS/133-117-129-127-13 1 None - - 0.4 EPS 0.253 
B2-a0.4/133-117-129-127-16 2 None - - 0.4 None 0.253 
3. Results and discussion 
Fig. 3 presents the heat balance at the inner surface of the walls. Negative values denote losses to the 
environment. In general, PCM walls with absorption coefficients of 0.4 perform better than those with 0.15, 
regardless of the PCM type or layer thickness. Higher absorption coefficients may be beneficial in winter due to 
capturing more solar loads, but adversely lead to undesired heat gain in summer. Thus, the year has to be split into 
sensitive periods to survey this result in detail. 
Among the PCM walls salt hydrates cause bigger losses than inorganic PCM, except A4. Furthermore, reduced 
thickness of the PCM layer induces higher losses. In these particular cases, the higher conductivity of salt hydrates 
implies to be a reason for this tendency. 
 
 
Fig. 3. Annual heat balance of inner surface. 
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Apart from the PCM walls, the proportion between the monolithic masonry and the ETICS substantially changes 
with the absorption coefficient. While the monolithic wall causes lower losses at a=0.15 than the ETICS case, the 
situation inverts at a=0.4, where both cases reach almost the same level. As proposed for PCM, an analysis 
according to seasons should clarify the reasons. 
Due to these heterogeneous results, a more detailed look is taken at characteristic days in certain periods in order 
to carve out the difference between promising PCM walls and comparative cases. Fig. 4 illustrates a typical cold 
night in February over a six hours period. The three graphs in (a) show the temperature profile along the cross 
section during the corresponding hours at the top. Graph (b) provides supplementary information on temperature and 
irradiance. 
During the night – hour 930 corresponds to 6 p.m. – outside temperature decreases to -6°C at 8 a.m. (hour 944). 
We see that all wall profiles follow this trend. Close to outer surface the lowest temperature can be found for the 
ETICS (B1-a0.4-EPS), the monolithic wall (B2-a0.4) is closely spaced. On the contrary, the outer surface of the 
PCM wall (B2-PCM-O-A4-d5cm-a0.4) has higher temperatures and a passage to a smaller temperature gradient 
over the PCM layer from 2-7 cm resulting in higher surface temperatures can be found. Since the temperatures meet 
the solidification range from 5-3°C phase transition can be identified. 
Fig. 5 shows an analogous set up for a day in June. Starting with nighttime cooling, temperature rises from 5 a.m. 
at hour 4109 accompanied by sunny conditions. In the first graph of the series in (a), temperatures of all walls 
converge at the outer surface, but the PCM wall (B2-PCM-O-A22H-d5cm-a0.4) is little warmer. Three hours later at 
9 a.m., when the temperature at the outer surface temperature is increased by outdoor conditions, the insulation (B1-
a0.4-EPS) has become notably warmer, as well as the monolithic wall (B2-a0.4). As ambient temperature and 
irradiance keep rising within the next three hours, the surface temperatures of all walls increase. 
  
 
Fig. 4. (a) Series of temperature profiles along the cross section of three different walls in February;  
(b) Normal irradiance and temperature of ambient air of the corresponding period. 
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Fig. 5. (a) Series of temperature profiles along the cross section of three different walls in June;  
(b) Normal irradiance and temperature of ambient air of the corresponding period. 
In particular, the temperature profile of the PCM wall draws attention. Starting at hour 4113, the discontinuous 
curve at a position of 2 cm propagates inwards. Since the PCM melts between 23° and 21°C, this behavior can be 
explained by the phase change occurring in the PCM layer. Finally at hour 4116, the surface of the PCM wall is 
colder than the surface of the other walls. 
After showing single days, a longer period during February is illustrated. Fig. 6 shows the heat flux on inner 
surface (a) and the corresponding irradiance and ambient temperature (b). Starting with relatively high temperatures, 
values drop below 0°C on the third day (hours 792-816). During the following days, temperature exceeds 0°C only 
at daytime. Simultaneously irradiance is at a low level, but rises on the fifth day to high daily amplitude maintained 
until day nine (hours 936-960). We suppose that the weather pattern changes from a cloudy beginning to a sunny 
period interrupted by cloudy conditions on the tenth day. 
Initially B2-PCM-O-A4-d5cm-a0.4, B1-0.15-EPS and B2-a0.15 stick closely together. The wall with salt hydrate 
(B2-PCM-S-S7-d5cm-a0.4) performs considerably worse. As temperature drops the situation revolves. The heat flux 
in all cases plunges clearly, only the wall with salt hydrate appears almost unchanged. During the sunny period the 
heat flux of all walls remains on a plateau. Yet a remarkable phenomenon can be found within the non-PCM walls. 
It seems that the daily swing in temperature and irradiance on the outer surface affects the heat flux on the inner 
surface, although with a certain time lag. In contrast, these oscillations are absent among the PCM walls what can be 
explained by the phase transition. Finally, low temperatures and the lack of fair solar radiation lead to a collective 
decrease of heat flux. 
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Fig. 6. (a) Heat flux on inner surface within a selected period of February;  
(b) Irradiance and ambient temperature of the corresponding period.  
4. Summary 
Indeed the higher the thermal conductivity of the PCM is the higher the losses are. Moreover, a higher absorption 
coefficient causes a smaller deficit. This finding also applies to the classical monolithic masonry and the ETICS. 
Having the same U-value, the ETICS surprisingly performs quite worse than the monolithic case at a low absorption 
coefficient. Regarding the heat balance, the PCM walls show no convincing advantage compared to the classical 
constructions. Further investigations of additional transition temperatures and different thicknesses as well as of 
positions along the cross sections should be carried out. 
Results concerning the temperatures of the walls close to the outer surface appear more evident. PCM with 
transition temperatures within the daily variation of surface temperatures can minimize cooling in winter and 
heating in summer. Since the temperatures converge approaching the inner surface and heat flux is driven by smooth 
gradients there, the interaction, especially the time lag, should be analyzed in detail. Apart from this, lower 
temperature variations on the outer surface reduce mechanical stress to the paint and plaster, resulting in increasing 
durability. In particular, higher temperatures during the night reduce the risk of algae growth. 
With regard to the heat flux at the inner surface, application of PCM on the one hand enables smoothing the daily 
temperature amplitude; on the other hand it brings about a time lag in thermal response to outdoor conditions. 
Considering the smoother course, heat demand faces minor peak loads. 
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